Trans-splicing, a process involving the cleavage and joining of two separate transcripts, can expand the transcriptome and proteome in eukaryotes. Chimeric RNAs generated by trans-splicing are increasingly described in literatures. The widespread presence of antibiotic resistance genes in natural environments and human intestines is becoming an important challenge for public health. Certain antibiotic resistance genes, such as ampicillin resistance gene (Amp r ), are frequently used in recombinant plasmids. Until now, trans-splicing involving recombinant plasmid-derived exogenous transcripts and endogenous cellular RNAs has not been reported. Acyl-CoA:cholesterol acyltransferase 1 (ACAT1) is a key enzyme involved in cellular cholesterol homeostasis. The 4.3-kb human ACAT1 chimeric mRNA can produce 50-kDa and 56-kDa isoforms with different enzymatic activities. Here, we show that human ACAT1 56-kDa isoform is produced from an mRNA species generated through the trans-splicing of an exogenous transcript encoded by the antisense strand of Amp r (asAmp) present in common Amp r -plasmids and the 4.3-kb endogenous ACAT1 chimeric mRNA, which is presumably processed through a prior event of interchromosomal trans-splicing. Strikingly, DNA fragments containing the asAmp with an upstream recombined cryptic promoter and the corresponding exogenous asAmp transcripts have been detected in human cells. Our findings shed lights on the mechanism of human ACAT1 56-kDa isoform production, reveal an exogenous-endogenous trans-splicing system, in which recombinant plasmid-derived exogenous transcripts are linked with endogenous cellular RNAs in human cells, and suggest that exogenous DNA might affect human gene expression at both DNA and RNA levels.
Introduction
Trans-splicing involves the cleavage and joining of two separate transcripts, and is a novel mode of alternative splicing by which multiple mRNAs and proteins with different functions are produced from a single gene; this can expand the transcriptome and proteome in eukaryotes [1] [2] [3] . Trans-splicing was first discovered as the spliced leader-addition trans-splicing in trypanosomes [4, 5] and later reported in higher eukaryotes, such as flies [6, 7] , rats [8, 9] and humans [10] [11] [12] [13] [14] . Trans-splicing is increasingly reported by experimental observations or through computational analyses [15] [16] [17] [18] [19] . Based on identified cases in mammalian species, trans-splicing can be classified into several categories: intragenic, intergenic and interchromosomal trans-splicing [2] . The duplications of exons in trans-spliced mRNAs of the rat carnitine octanoyltransferase gene (COT) and the human estrogen receptor-α gene (hERα) are examples of intragenic trans-splicing [8, 9, 20] . In human liver, the production of a variety of hybrid mRNAs derived from a cluster of P450 3A genes is an example of intergenic trans-splicing [12] . The chimeric RNA that contains exons of the JAZF1 gene located on chromosome 7 and the JJAZ1 gene located on chromosome 17 is an example of interchromosomal trans-splicing [14] . Trans-splicing of endogenous cellular RNAs and exogenous transcripts, however, has not yet been reported.
Antibiotic resistance genes are increasingly prevalent in both benign and pathogenic bacteria, posing an emerging threat to public health [21] . The continued evolution and widespread dissemination of antibiotic resistance genes, and their acquisition by bacterial pathogens are becoming one of the most important challenges for clinical medicine [22] . For example, the exchange of antibiotic resistance genes between environmental bacteria and clinical pathogens was recently reported [23] . Natural environments and human intestines represent important reservoirs of antibiotic resistance genes [24, 25] . In particular, certain antibiotic resistance genes such as ampicillin resistance gene (Amp r ) are frequently used in recombinant plasmids. Recombinant plasmids were created in the early 1970s [26, 27] and have been extensively used in research, agriculture and medicine for nearly four decades. The most common application of recombinant plasmids is in basic molecular biology and molecular medicine research [28] . In addition, recombinant plasmids have been used in transgenic technology for agricultural purposes [29] . Recombinant proteins, the expression products of recombinant genes, are also widely used in pharmacological and medical fields [30] . However, studies on the presence of antibiotic resistance genes or recombinant plasmid-derived fragments in human tissues or cells are rare.
The family of acyl-coenzyme A:cholesterol acyltransferase (ACAT), also known as sterol O-acyltransferase, consists of two different enzymes (ACAT1 and ACAT2) and catalyzes the formation of cholesteryl esters from cholesterol and long-chain fatty acyl-coenzyme A. Both ACATs are membrane-bound acyltransferases, employing histidine and asparagine as the two active-site residues [31] , and play important roles in cellular cholesterol homeostasis [32] . ACAT1 is a homotetrameric protein located at the endoplasmic reticulum with 9 transmembrane domains [33] [34] [35] . Human ACAT1 cDNA K1 was identified by its ability to complement the functional deficiency of mutant CHO cells lacking ACAT activity [36] . K1 cDNA is 4 011 bp in length, contains an open reading frame (ORF) of 1 650 bp encoding a protein of 550 amino acids, and has a long 5′-UTR of 1 396 bp. ACAT1 genomic DNA contains 18 exons (exons Xa, Xb and 1-16); exons 1-16 are located on chromosome 1, whereas exon Xa (1 279 bp) is located on chromosome 7 [10] . The origin of the mini-exon Xb of 10 bp is still unclear at present.
Northern blot analysis has revealed the presence of four ACAT1 transcripts (7.0, 4.3, 3.6 and 2.8 kb) in all of the human tissues and cell lines examined, with the 3.6-and 2.8-kb mRNAs being the most prevalent. The 4.3-, 3.6-and 2.8-kb mRNAs share the sequence derived from chromosome 1, but only the 4.3-kb mRNA contains the long exon Xa located on chromosome 7. This suggests that the 4.3-kb transcript is derived from two different chromosomes, presumably by an interchromosomal trans-splicing event [10] . The 3.6-and 2.8-kb mRNAs only produce the ACAT1 50-kDa isoform, whereas the 4.3-kb chimeric mRNA produces two ACAT1 isoforms (50-kDa and 56-kDa) using AUG 1397-1399 and its upstream in-frame GGC 1274-1276 as the presumed initiation codon, respectively [37, 38] . The 56-kDa isoform is expressed in human THP-1 macrophages and human monocytederived macrophages [37] .
Ectopic expression studies have shown that the 56-kDa isoform is enzymatically active, but its normalized activity is only approximately 30% of the activity of the 50-kDa isoform [37] . When the 50-and 56-kDa isoforms were coexpressed ectopically in cultured cells, the normalized ACAT1 activity was approximately 50% of the activity of the 50-kDa isoform expressed alone [37] . The presence of an RNA secondary structure (nt 1 355-1 384) within the long 5′-UTR enhances the selection of the downstream AUG 1397-1399 as the initiation codon to produce the 50-kDa isoform [39] , whereas the two upstream RNA secondary structures (nt 1 255-1 268 and nt 1 286-1 342), involving sequences transcribed from two different chromosomes, are required to produce the 56-kDa isoform [38] . To our knowledge, no analogues of human ACAT1 chimeric mRNA have been found in other animals, including nonhuman primates and rodents.
In the current work, through mass spectrometry (MS) analysis and protein N-terminal amino acid sequencing, we found that the human ACAT1 56-kDa isoform contains an extra N-terminal region of 46 amino acids that are identical to that encoded by the antisense strand of Amp r (asAmp) present in common recombinant Amp r -plasmids. Moreover, DNA fragments containing the asAmp with an upstream cryptic promoter and the corresponding exogenous asAmp transcripts have been detected in human blood cells and cell lines. We have also demonstrated that the exogenous asAmp transcript with a typical AUG start codon is trans-spliced to the endogenous 4.3-kb human ACAT1 chimeric mRNA in a canonical manner, indicating that the human ACAT1 56-kDa isoform is produced via an exogenous-endogenous (exo-endo) trans-splicing event. -plasmids We previously demonstrated that the 4.3-kb human ACAT1 chimeric mRNA (corresponding to cDNA K1) produces 50-and 56-kDa isoforms by using the typical start codon AUG 1397-1399 and its upstream in-frame codon GGC 1274-1276 as a presumed start codon, respectively [37, 38] . To verify the presumed role of the GGC 1274-1276 codon in translation initiation, we generated various mutations within this codon in the full-length (4 011 bp) ACAT1 cDNA K1 ( Figure 1A , top panel) and performed western blot analyses using an anti-ACAT1 antibody that recognizes both 50-and 56-kDa isoforms ( Figure 1A , bottom panel) after ectopic expression of the constructs in AC29 cells, an ACAT1-deficient mutant CHO cell line.
Results

Human ACAT1 56-kDa isoform contains an extra N-
Unexpectedly, the western blot results showed that when the GGC 1274-1276 codon was mutated to the typical initiation codon ATG, an additional medium-sized protein band (approximately 53 kDa) appeared in addition to the larger (56 kDa) and smaller (50 kDa) isoforms (number 9, Figure 1A , bottom panel). To further verify the result, we constructed two series of expression plasmids containing Western blot analysis showed that all constructs with the introduced ATG codon produced additional mediumsized proteins (approximately 22 kDa in Figure 1B , or 40 kDa in Figure 1C ) in addition to the corresponding larger (26 kDa in Figure 1B or 44 kDa in Figure 1C ) and smaller (18 kDa in Figure 1B , or 36 kDa in Figure 1C ) proteins. Interestingly, the larger hybrid protein disappeared when CAG 1271-1273 was replaced with the ATG codon ( Figure 1B , number 13 and Figure 1C , number 20).
Based on the results shown in Figure 1B and 1C, we calculated the protein molecular weights. As shown in Figure 1D , calculated molecular weights of the proteins initiated from the presumed start codon GGC 1274-1276 (22.59 kDa of Gly-ACAT1-56uNT-50NT-Flag and 40.09 kDa of Gly-ACAT1-56uNT-Rluc) were less than the sizes of the larger protein bands observed in western blot analyses (26 kDa in Figure 1B and 44 kDa in Figure 1C ), whereas the calculated molecular weights of the medium-sized proteins initiated from the introduced ATG codon (22.67 kDa of Met-ACAT1-56uNT-50NT-Flag and 40.17 kDa of Met-ACAT1-56uNT-Rluc) and the smaller proteins initiated from the typical start codon ATG 1397-1399 (18.45 kDa of Met-ACAT1-50NT-Flag and 36.00 kDa of Met-Rluc) were fully consistent with the sizes observed in Figure   1B and 1C. These results suggest that the human ACAT1 56-kDa isoform may not be initiated from the GGC 1274-1276 codon, and most likely it contains an extra N-terminal region in front of the 41 amino acids (designated as ACAT1-56uNT in Figure 1D ) encoded by the sequence from GGC 1274-1276 to AUG [1397] [1398] [1399] .
To identify the sequence of the possible extra Nterminal region of the human ACAT1 56-kDa isoform, the expression plasmid pNTF ( Figure 1B , number 10, and Figure 1E ) was used and the expressed proteins were precipitated using anti-Flag antibodies, seperated by 2-D electrophoresis, and stained with Coomassie blue dye. The 26-kDa proteins produced three apparent spots, designated as P1, P2 and P3 ( Figure 1E ). The purified protein samples from these three spots were analyzed individually by MALDI-TOF MS and their N-terminal amino acids were identified by peptide sequencing. MS results showed that three specific tryptic fragments with sizes of 1493.626, 1821.932 and 2241.867 were present in all three spots ( Figure 1F and Supplementary information, Figure S1 ). The size of the largest tryptic fragment (2241.867) as determined by the MS analysis was consistent with the calculated molecular weight (2242.07) of a predicted tryptic fragment within human ACAT1-56uNT ( Figure 1H , underlined), confirming the observation in our previous work [37] .
However, only the sample from spot P2, but not P1 or P3 (which possibly contains the closed N-terminus due to unidentified modification), could be sequenced; the sequencing results reveal that its N-terminal 15 amino acids were MIPRDPRSPAPDLSA. Surprisingly, this sequence matched 100% with the N-terminal amino acids of asAmp-P88 ( Figure 1G , bold) encoded by the 267-bp ORF of asAmp that is present in recombinant Amp r -plasmids ( Figure 1G ). In addition, the calculated molecular weights (1493.64 and 1821.95) of two predicted tryptic fragments of the asAmp-P88 protein ( Figure 1H , underlined) were consistent with the sizes (1493.626 and 1821.932) of the two observed smaller tryptic fragments in MS analysis ( Figure 1F ).
These data demonstrate that the human ACAT1 56-kDa isoform contains an extra N-terminal region (designated as ACAT1-56eNT in Figure 1H ) that corresponds to the N-terminal region of asAmp-P88, and also suggest that the Gly residue encoded by the GGC 1274-1276 codon which is not the start codon as previously presumed, is linked to an Arg residue of asAmp-P88. Based on the molecular weight difference (about 4 kDa, Figure 1B ) between the larger-and medium-sized protein bands, we reasoned that the ACAT1-56eNT should be of 43 or 46 amino acids ( Figure 1H , dashed line). Moreover, a recombined cryptic promoter (RP) with apparent biological npg activity in higher eukaryotic cells ( Figure 1I ) was identified upstream of the asAmp DNA in a region common to many recombinant Amp r -plasmids ( Figure 1G ) such as pBR322 and pcDNA3. Therefore, it is likely that the exogenous asAmp can be transcribed in cells transfected with pcDNA3-derived recombinant Amp r -plasmids. Considering that the ACAT1-56NT is likely composed of peptides derived from asAmp-P88 and ACAT1, we hypothesized that the human ACAT1 56-kDa isoform might be the product of a trans-spliced mRNA generated from the endogenous cellular ACAT1 mRNA and the exogenous asAmp transcript derived from common recombinant Amp r -plasmids. Hence, it would be important to determine whether the exogenous asAmp DNA fragments with an upstream cryptic promoter derived from recombinant plasmids and the corresponding transcripts exist in human cells.
The exogenous asAmp DNA and the corresponding transcripts exist in human blood cells
We previously reported that the ACAT1 56-kDa isoform is expressed in human THP-1 macrophages and human monocyte-derived macrophages [37] . To examine the potential presence of exogenous asAmp DNA fragments in human cells, samples of peripheral blood mononuclear cells (PBMC) from 50 healthy people were randomly collected for detailed characterization. The samples were first examined to rule out contamination of low-molecular-weight plasmids or bacteria (Supplementary information, Figure S2 ). The relative quantity of asAmp DNA in adherent or non-adherent cells of each sample was determined by real-time quantitative PCR (qPCR) (Figure 2A) .
The results show that the relative copy number of asAmp DNA per cell was significantly higher in adherent cells than in non-adherent cells ( Figure 2B ). A higher abundance of asAmp DNA (≥ 1 copy per cell) was detected in the adherent cells in approximately 30% of the samples ( Figure 2C ), 15-fold higher than in non-adherent cells (2%) ( Figure 2D ). The variation of the asAmp DNA quantity among individual blood samples and between adherent and non-adherent cell types may relate to the health status of individuals in their respective environments and the abilities of their phagocytes including macrophages (which would mostly appear as adherent cells) to obtain the asAmp DNA or recombinant Amp Nevertheless, the precise routes of the spreading remain to be determined.
Importantly, the asAmp transcripts and putative transspliced products of the asAmp transcripts and ACAT1 mRNAs were identified by RT-PCR ( Figure 2F) , and the characteristic digestion with EcoRI ( Figure 2G ). Moreover, DNA sequencing of the RT-PCR products indicated that the plasmid-derived exogenous asAmp transcript was trans-spliced with the 4.3-kb endogenous human ACAT1 chimeric mRNA, and that the AGA codon (coding for R46) of the asAmp transcript was linked to the GGC 1274-1276 codon (coding for G) of human ACAT1 mRNA ( Figure 2H ). As the 4.3-kb human ACAT1 chimeric mRNA is derived from two different chromosomes (7 and 1) presumably by an interchromosomal trans-splicing event, it is impossible that the final spliced product with the determined sequence ( Figure  2H ) results from the processing of a pre-mRNA containing both the integrated asAmp sequence and the 4.3-kb ACAT1 chimeric mRNA sequence by cis-splicing. Accordingly, western blot analyses using anti-asAmp-P88 (which recognizes amino acids 19-36 of asAmp-P88) or anti-ACAT1 (which recognizes the N-terminal 125 amino acids of the ACAT1 50-kDa isoform) antibodies demonstrated that the human ACAT1 56-kDa isoform was present in the PBMC samples ( Figure 2I ), which is consistent with the observations from our previous work [37] .
Collectively, these results suggest that the ACAT1 56-kDa isoform is produced in human blood cells from a trans-spliced mRNA containing the plasmid-derived exogenous asAmp sequence and the 4.3-kb human ACAT1 chimeric mRNA sequence, and that exogenous DNA fragments could be incorporated into the human genome and affect human gene expression at both DNA and RNA levels.
The exogenous asAmp transcripts are broadly present in higher eukaryotic cells
The results described above reveal that asAmp transcripts derived from recombinant Amp r -plasmids can be expressed in the blood cells of healthy individuals. We next sought to check the expression of asAmp transcripts in cell lines that are used extensively in biological research. We performed PCR assays to analyze the genomic DNAs of nine human cell lines, and found that asAmp and RP-asAmp DNAs were amplified in these cell lines ( Figure 3A , top and secondary panels). A DNA fragment of the Kan r gene was also detected in HeLa cells ( Figure  3A , fourth panel). To rule out the possibility of microbe contaminations, all genomic DNA samples were examined by PCR using primers for a universally conserved bacterial gyrB gene [40] ; no bacterial DNA was detected ( Figure 3A , bottom panel), further confirming that DNA fragments of asAmp and RP-asAmp exist in these cell lines.
Consistently, asAmp transcripts were detected in Figure 3B) , and the results of DNA sequencing showed that the sequence of the asAmp transcript in HEK293T cells was identical to that of asAmp present in recombinant plasmids ( Figure  3C ). Moreover, the asAmp ORF sequence (267 bp) was found in the EST database (dbEST) using the BLASTN (http://blast.ncbi.nlm.nih.gov/) [41] . The results of the BLASTN analysis showed that the asAmp cDNAs have been cloned from various higher eukaryotic cells, including both plant and animal cells ( Figure 3D ). In particular, cDNA sequences corresponding to the asAmp-P88 ORF (267 bp) found in a number of species matched perfectly with each other (with 100% sequence identity) ( Figure  3E ). These data demonstrate that the exogenous asAmp transcripts derived from Amp r -plasmids are broadly present in higher eukaryotic cells.
The asAmp transcripts can be trans-spliced to human ACAT1 mRNA in intact-cell and cell-free systems
As shown in Figure 2 , the trans-splicing of asAmp and ACAT1 transcripts occurs in the blood cells of healthy individuals. Next, experiments to further probe this transsplicing process were carried out in intact-cell and cellfree systems. First, several constructs were generated based on a Kan 3 and 5-7) . Importantly, results of western blot analyses using anti-Flag and anti-Myc antibodies demonstrated that the sizes of the hybrid proteins were in accordance with the calculated molecular weights (37.0, 35.9, 32.7, 31.8, 30.7 and 27.5 kDa), and that these hybrid proteins were detected in cells with ectopic expression of both asAmp and human ACAT1 transcripts ( Figure  4C, lanes 1-3 and 5-7 ), but not in cells merely transfected with the plasmids expressing the fused protein of ACAT1-50NT-3Flag (18.5 kDa) or ACAT1-50NT-6Myc (23.7 kDa) ( Figure 4C, lanes 4 and 8) . In particular, hybrid proteins 3Myc-ACAT1-56eNT-56uNT-50NT-3Flag (31.8 kDa) and 3Flag-ACAT1-56eNT-56uNT-50NT-6Myc (35.9 kDa) were simultaneously identified by both anti-Flag and anti-Myc antibodies ( Figure 4C , lanes 2 and 5, arrows), confirming that these proteins were translated from trans-spliced mRNAs.
All of the results described above were obtained in intact cells. We next used a cell-free splicing assay to test the trans-splicing of asAmp and ACAT1 RNAs. Three RNA substrates, including a 5′-donor of a full-length asAmp transcript (D1) and two 3′-acceptors corresponding to different regions of human ACAT1 mRNA (A1 and A2), were prepared by in vitro transcription ( Figure  4D ). All RNA substrates were examined by denaturing polyacrylamide gel electrophoresis to ensure their identities as pre-RNAs (Supplementary information, Figure  S4 ). The RNA substrates were incubated with nuclear extract (NE) from HeLa cells under optimal splicing conditions [42, 43] and the spliced products were examined by RT-PCR. As demonstrated in Figure 4E , the trans-spliced RNA products were detected when D1 was incubated in NE with either A1 or A2 ( Figure 4E, lanes 2 and 3) , whereas no product was observed when NE alone was present ( Figure 4E, lane 1) . Moreover, DNA sequencing of the RT-PCR products indicated that the asAmp RNA was trans-spliced to human ACAT1 RNA substrate in vitro ( Figure 4F ), which is consistent with the results obtained in intact human blood cells ( Figure 2H ). The efficiency of the in vitro splicing reaction was determined by quantitative RT-PCR assays. As shown in Figure 4G , about 1.5% of the added RNA substrates were spliced 90 min after the beginning of the reaction, which is compa- npg rable to the efficiency reported in literatures [42, 43] . These results demonstrate that the trans-splicing between the asAmp and the human ACAT1 transcripts occurs in a cell-free system. According to the identified sequence of the trans-spliced RNA product ( Figure 4H , top panel), the AGA 136-138 codon (bold) of the asAmp transcript connects with the GGC 1274-1276 codon (bold) of human ACAT1 mRNA, and the sequences adjacent to these two codons (GUAAGU and CAG, italic) are classical splice-site signals (5′ SS and 3′ SS). As one RNA substrate is an exogenous transcript derived from recombinant plasmids and the other represents an endogenous cellular mRNA, we name this novel trans-splicing reaction exogenous-endogenous (exo-endo) trans-splicing in human cells ( Figure 4H ). In addition, our data indicate that the translation of the human ACAT1 56-kDa isoform begins from the typical AUG codon of the asAmp transcript, whereas the translation of the 50-kDa isoform is initiated from the AUG 1397-1399 codon contained in the 4.3-kb human ACAT1 chimeric mRNA ( Figure 4H ).
The exo-endo trans-splicing requires the specific splicesite signals
As shown in Figure 1B and 1C, larger proteins were no longer produced and medium-sized proteins appeared when CAG 1271-1273 was replaced with the ATG codon (pNTF-M18, number 13 in Figure 1B and pNTR-M18, number 20 in Figure 1C ), which supports our hypothesis that CAG 1271-1273 acts as a splice-site signal for the transsplicing of asAmp and ACAT1 transcripts. To further verify this, the Amp r -plasmids pNTF, pNTF-M18 ( Figure  5A ), pNTR and pNTR-M18 ( Figure 5B ) were transfetced into AC29 cells followed by western blot and RT-PCR analyses. Western blot analyses using anti-ACAT1 and anti-Rluc antibodies ( Figures 5A and 5B , left of middle panel) confirmed that medium-sized proteins (22 and 40 kDa), but not larger proteins (26 and 44 kDa) were produced when CAG 1271-1273 was mutated to ATG. Moreover, western blot analyses using an anti-asAmp-P88 antibody ( Figures 5A and 5B , right of middle panel) and RT-PCR assays using specific primers ( Figures 5A and 5B Moreover, detailed mutagenesis experiments showed that the trans-splicing of asAmp transcripts and ACAT1 mRNA was completely interrupted unless a canonical 3′ SS of YAG (Y = C, T) was used at the position of CAG 1271-1273 ( Figure 5D and 5E), confirming the specificity of the 3′ SS. Similarly, serial mutations of the 5′ SS sequence GTAAGT in the plasmid of pVk-3Myc-asAmp ( Figure 4A ) were generated and the individual plasmids were co-transfected with a Kan r -plasmid pVk-ACAT1-NT-3Flag ( Figure 4A , number 27) into AC29 cells. As shown in Figure 5C , the trans-splicing of asAmp and ACAT1 transcripts was completely disrupted unless the sequence of GTRRGN (R = A, G; N = A, G, C, T) was A2) . (E) Analysis of trans-spliced RNA in the cell-free system. The cell-free trans-splicing reaction was performed using HeLa cell nuclear extract (NE) and in vitro-prepared 5′-donor and 3′-acceptors depicted in D. Specific primer set asAmp-F/A1-R2 was used in the RT-PCR assay. asAmp-F is the same as in C; A1-R2 is complementary to the sequence of ACAT1 cDNA (upstream of A1-R1); NC, negativecontrol without templates. (F) DNA sequencing of the RT-PCR product (lane 2) from E. (G) Splicing efficiency of the in vitro trans-splicing between asAmp and ACAT1 RNAs was determined by qRT-PCR assays. The amount of spliced and unspliced RNA products were determined with specific primer sets asAmp-F/A1-R2 (as that used in E) and A1-F2/A1-R2 (complementary to the sequence of ACAT1 cDNA). The percentage of spliced RNAs was calculated by dividing the amount of spliced RNAs by the total RNAs. Means and SD are shown (n = 3). (H) Schematic representation of the exo-endo trans-splicing between asAmp and ACAT1 RNAs and the production of ACAT1 56-kDa/50-kDa isoforms. Human ACAT1 56-kDa isoform is the product of the exo-endo trans-splicing of exogenous asAmp and endogenous ACAT1 transcripts, and the ACAT1 50-kDa isoform is translated by using AUG 1397-1399 as the start codon. Underlined characters, AUG start codon; bold characters, AGA and GGC codons at the junction site; italic characters, splice-site signals (5′ SS and 3′ SS).
Human ACAT1 production via trans-splicing involving Amp present at the 5′ SS position. Nevertheless, the GTAAGT to GTRRGN mutations at the 5′ SS still led to markedly reduced trans-splicing efficiency ( Figure 5C , numbers 34, 37, 40 and 41) . Collectively, these data demonstrate that canonical splice-site signals GUAAGU and CAG are utilized in the specific exo-endo trans-splicing of asAmp and ACAT1 transcripts in human cells.
The exo-endo trans-splicing is dependent on the interchromosomal region of the 4.3-kb human ACAT1 chimeric mRNA
We previously reported that the 4.3-kb human ACAT1 chimeric mRNA is most likely produced through an interchromosomal trans-splicing of pre-RNAs transcribed from chromosomes 7 and 1 [10] , and that the RNA 
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npg secondary structures located in the interchromosomal region of the 4.3-kb human ACAT1 chimeric mRNA are required to produce the 56-kDa isoform [38] . Here, we tested whether the human ACAT1 mRNA interchromosomal region is required for the exo-endo trans-splicing. First, we generated several bicistronic constructs containing the ORF of the Rluc gene as the first cistron and the ORF of the Firefly luciferase (Fluc) gene as the second cistron. These two cistrons were linked by the interchromosomal region (ACAT1 1243-1396 ) contained in the 4.3-kb human ACAT1 chimeric mRNA. In certain constructs, a stable hairpin (ΔG = −57 kcal/mol) was introduced upstream ( Figure 6A , number 63) or downstream (Figure 6A , number 66) of the first Rluc cistron. We also introduced substitutions of either C to A or C to T at the 3′ SS (CAG 1271-1273 ) within the interchromosomal region ( Figure 6A , numbers 61, 62, 64, 65, 67 and 68). After individual transfection of these Amp r -plasmids into AC29 cells, we analyzed their expression by both western blot and RT-PCR analyses. Western blot results demonstrated that the stable hairpin impaired the translation of the first cistron ( Figure 6B , bottom panel, numbers 63-65) but not the second one ( Figure 6B , top panel, numbers 66-68), suggesting that this interchromosomal region likely contains an internal ribosome entry site as what we have previously reported [38] . Moreover, only the C to A, not C to T, substitution of the 3′ SS of CAG 1271-1273 within the interchromosomal region led to the disappearance of the 68-kDa band corresponding to the larger hybrid protein ( Figure 6B , top panel, numbers 61, 64 and 67).
These results indicate that the larger 68-kDa hybrid protein ( Figure 6B , top panel) was likely produced from trans-spliced mRNAs, and that the substrate mRNAs as the 3′-acceptor must contain the interchromosomal region with CAG as a 3′ SS. Indeed, RT-PCR and DNA sequencing data showed that the ACAT1-Fluc fragment with or without CAG mutations can be individually amplified correctly ( Figure 6C, top panel) , and that the asAmp transcript can be trans-spliced to the interchromosomal region upstream of Fluc mRNAs with the accurate junction ( Figure 6C , right of bottom panel) unless a C to A substitution was introduced at the 3′ SS of CAG ( Figure  6C , left of bottom panel, numbers 61, 64 and 67). These results are in perfect accordance with the western blot results shown in Figure 6B (top panel, numbers 61, 64 and 67). Collectively, these data indicate that the interchromosomal region of the 4.3-kb human ACAT1 chimeric mRNA is required for the mRNA trans-splicing process regardless of its linkage with different downstream ORFs such as ACAT1 and Fluc ORF.
Next, we asked whether the asAmp transcript could be directly trans-spliced to pre-RNAs transcribed from chromosome 7 or 1. To test this possibility, we co-transfected AC29 cells with pVk-3Myc-asAmp ( Figure 6D , number 26) with plasmids containing the interchromosomal region ( Figure 6D , numbers 27 and 69), chromosome 7-derived ACAT1 genomic DNA ( Figure 6D, number 70) or chromosome 1-derived ACAT1 genomic DNA ( Figure  6D, number 71) . RT-PCR analysis showed that although all these plasmids were expressed (Supplementary information, Figure S5 ), the asAmp transcript was exclusively trans-spliced to the interchromosomal region of ACAT1 chimeric mRNA but not to the pre-RNAs derived from chromosome 7 or 1 ( Figure 6D, bottom panel) . The splicing efficiency in transfected cells was calculated by qRT-PCR assays. As indicated in Figure 6E , the percentage of spliced RNAs 2 days after the transfection was nearly 10% ( Figure 4G ).
As diagramed in Figure 6F , we postulate an exo-endo trans-splicing model and conclude that the recombinant plasmid-derived asAmp transcript trans-splices to the 4.3-kb human ACAT1 chimeric mRNA that contains the interchromosomal region derived from chromosomes 7 and 1 (bold arrow), but not to the pre-mRNAs derived from either chromosome 7 or 1 (dashed arrows).
Discussion
We previously reported that the 4.3-kb human ACAT1 chimeric mRNA corresponding to cDNA K1 is presumably produced by an interchromosomal trans-splicing event and give rise to the ACAT1 56-kDa isoform containing an additional region at the N terminus compared with the 50-kDa isoform [10, 37] ; this region is now designated as ACAT1-56NT. In the current study, we show that ACAT1-56NT is actually composed of two parts: ACAT1-56eNT, which is comprised of the Nterminal 46 amino acids of asAmp-P88 encoded by the ORF of the asAmp derived from common recombinant Amp r -plasmids, and ACAT1-56uNT, which is comprised of 41 amino acids encoded by the region from GGC 1274-1276 to AUG 1397-1399 , the initiation codon of the ACAT1 50-kDa isoform. Our data obtained in intact-cell and cellfree systems indicate that the human ACAT1 56-kDa isoform is produced by an exo-endo trans-spliced mRNA generated from the plasmid-derived exogenous asAmp transcript and the 4. derived exogenous transcripts and endogenous cellular RNAs.
In the 50 blood samples from healthy individuals, the quantity of asAmp DNA was found to be higher in adherent cells than in non-adherent cells (Figure 2 ). This finding may relate to the health status of individuals in their particular environment and also can be explained by the ability of phagocytes, most of which appear as adherent cells, to obtain the asAmp DNA fragments from phagocytized foreign substances, infectious microbes and other pathogens. In addition, the trans-spliced RNA product and ACAT1 56-kDa isoform do not seem to be present in non-adherent cells ( Figure 2F and 2I ). This absence may be due to the lack of the 4.3-kb human ACAT1 chimeric mRNA in non-adherent cells, where a prior interchromosomal trans-splicing event may not be induced or the produced ACAT1 chimeric mRNA is quickly degraded [44] . Our data also show that the exo-endo trans-splicing is dependent on the interchromosomal region of the 4.3-kb human ACAT1 chimeric mRNA ( Figure 6 ), and that the chimeric mRNA is necessary for the production of the ACAT1 56-kDa isoform.
Until now, the detailed mechanism responsible for the presumed interchromosomal trans-splicing events that lead to the production of the 4.3-kb human ACAT1 chimeric mRNA [10] has remained obscure. Here, we demonstrated that human ACAT1 56-kDa isoform is the product of an exo-endo trans-splicing event that requires the interchromosomal region of ACAT1 4.3-kb chimeric mRNA. This finding indirectly demonstrates that the interchromosomal trans-splicing must have occurred to produce the 4.3-kb human ACAT1 chimeric mRNA. Also, our findings described here reveal an exo-endo trans-splicing system, in which recombinant plasmid-derived exogenous transcripts are linked with endogenous cellular RNAs in human cells.
Interestingly, an increasing number of observations of chimeric RNAs that are conventionally thought to be formed mainly by trans-splicing, have prompted the proposal of alternative molecular mechanisms for certain chimeric RNAs lacking the canonical splice-site pattern of GU-AG at the splicing junctions [16, 45] . Here, we show that the exo-endo trans-splicing of the asAmp transcripts and the 4.3-kb human ACAT1 chimeric mRNA utilizes canonical splice-site signals ( Figure 5 ), which suggests that this trans-splicing uses regular cellular spliceosome machinery even though the substrates are so unusual. In particular, the interchromosomal region of the ACAT1 chimeric mRNA is necessary for the exoendo trans-splicing ( Figure 6 ). In addition to the two RNA secondary structures that we have identified [38] , the potential exonic splicing enhancers in the interchromosomal region of the ACAT1 chimeric mRNA, which are important elements of the "splicing code" [46, 47] , may also be required for the specificity of this exo-endo trans-splicing; these potential sites warrant further investigations.
Antibiotic resistance genes, many of which are found in transposons or integrons, are widely spread throughout the environment [48] . In the long-term, the antibiotic resistance genes could be mobilized and inserted into eukaryotic genomes by horizontal gene transfer, which may have significant functional implications in both prokaryotic and eukaryotic genome evolution [49, 50] . Here, we demonstrate that DNA fragments of asAmp with an upstream recombined cryptic promoter derived from recombinant Amp r -plasmids and the corresponding exogenous asAmp transcripts exist in higher eukaryotic cells including human blood cells, and their existence was unlikely due to the contamination of plasmids or microbes (Figures 2, 3 and Supplementary information, Figure  S2) . Furthermore, the quantities of these DNA fragments in human blood cells varied among individual samples. Our findings raise the possibility that Amp r -derived asAmp DNA fragments may be potentially integrated into the genomes of certain higher eukaryotic cells and are expressed as part of cellular RNAs, in part through exo-endo trans-splicing. Interestingly, although DNA fragments of asAmp are broadly identified in eukaryotic cells, amplicons of Kan r are only occasionally observed ( Figures 2E and 3A) . It may be due to the fact that Amp r -plasmids were used earlier and more extensively than Kan r -plasmids. In the future, it will be interesting to investigate whether and how other exogenous DNA fragments derived from recombinant plasmids affect the human gene expression at both DNA and RNA levels.
Materials and Methods
Cell culture and transfection
All cell lines were maintained in a basal medium as indicated, supplemented with 10% fetal bovine serum (FBS) and antibiotics, in a humid atmosphere of 5% CO 2 and 95% air at 37 °C. AC29 cells, the mutant CHO cell line lacking the endogenous ACAT1 [51] , were maintained in Ham's F12 medium. HEK293, HEK293T, SV589, HeLa, MCF-7 and A431 cells were maintained in DMEM medium. THP-1, U937 and HL-60 cells were maintained in RPMI 1640 medium. Expression plasmids were transfected into indicated cells using FuGENE 6 transfection reagent (Roche) according to the manufacturer's instructions, and transfected cells were cultured for another 24-36 h before harvesting. Human blood cells were obtained from Shanghai Blood Center (Shanghai, China) and PBMC were separated according to a published procedure [52] . Adherent and non-adherent cells were separated from the PBMC by incubation in RPMI 1640 medium with 10% FBS for 2 h. The adherent cells were cultured in RPMI 1640 medium supplemented with 7% human type AB serum for another 0-8 days.
PCR and RT-PCR analyses
Genomic DNA was isolated using TIANamp Genomic DNA Kit (TIAGEN Biotech) according to the manufacturer's instructions. Hundred nanograms of DNA was used for PCR or qPCR analysis. Low-molecular-weight plasmid (non-genomic) DNA was extracted following the Hirt extraction method [53] . Total RNA was isolated using Trizol reagent (Invitrogen), followed by removal of residual DNA using DNase I (Promega). Two microgramsof total RNA was reversely transcribed using oligo (dT) 18 and Superscript III RTase (Invitrogen) to obtain relative cDNAs. Twenty-five microlitres PCR reaction consists of 1 µl template DNA or cDNA, 1 U Taq DNA polymerase (TaKaRa) and 0.1 µM of each oligonucleotide primer in nuclease-free water. qPCR was performed by using Brilliant SYBR Green qPCR Master Mix and Mx3005P TM instrument (Stratagene). Products of PCR and RT-PCR were identified by agarose gel electrophoresis, and cycle threshold (Ct) values of qPCR were used to calculate the quantity of each target DNA or cDNA. The relative copy of asAmp DNA per cell was obtained by normalizing to the individual ACAT1 DNA quantity which was set as single copy per cell. All oligonucleotide primers used are listed in Supplementary information, Table S1 .
Western blot analysis and 2-D gel electrophoresis
Cells were washed twice, scraped in ice-cold PBS and lysed with RIPA buffer (25 mM Tris-HCl, 150 mM NaCl, 1% NP40, 1% deoxycholate and 0.1% SDS) containing protease inhibitor mixture (Sigma). Protein concentrations were determined using BCA protein assay kit (Bio-Rad). For western blot, each protein sample (50 µg) was separated by SDS-PAGE, transferred to filter and probed with indicated antibodies (Supplementary information, Table S2 ), then the signals were developed using ECL Western Blot detection reagent (Pierce). Expressed proteins from the AC29 cells transfected with expression plasmid pNTF were purified using ANTI-FLAG M2 Affinity Gel (Sigma), loaded to the IPG strip (pH 3-10 NL) for the isoelectric focusing by IPGphor IEF unit (Pharmacia) and for 2-D analysis of SDS-PAGE. All the experimental procedures for 2-D gel electrophoresis were performed as described [54] or following user's manuals.
MALDI-TOF MS analysis and protein N-terminal sequencing
Spots of enriched 26-kDa proteins (P1-P3) separated by 2-D gel electrophoresis were in-gel-digested with trypsin and treated with iodoacetamide. The resultant peptide mixture was desalted and analyzed by MALDI-TOF MS using the instrument Bruker REFLEXTM III MALDI-TOF, located at the Research Center for Proteome Analysis, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. N-terminal amino acids of enriched 26-kDa proteins (P1-P3) were determined by ABI 492cLC protein sequencer (Applied Biosystems) in GeneCore BioTechnologies (Shanghai, China).
Identification of the recombined cryptic promoter by luciferase activity analysis
